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Methoprene modulates the effect of diet on male melon
fly, Bactrocera cucurbitae, performance at mating

aggregations
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Abstract

The effect of access to dietary protein (P) (hydrolyzed yeast) and/or treatment with a juvenile hor-
mone analogue, methoprene (M}, (in addition to sugar and water) on male aggregation (lekking)
behaviour and mating success was studied in a Jaboratory strain of the melon fly, Bactrocera cucurbi-
tae (Coquillett) (Diptera: Tephritidae). Six-day-old males were treated with (1) protein and metho-
prene (M+P+), (2} only protein (M-P+), or (3) only methoprene (M+P-), and compared with
14-day-old sexually mature untreated males (M—P-). The lekking behaviour of the four groups of
males when competing for virgin sexually mature females (14—16 days old) was observed in field
cages. The following parameters were measured at male aggregations: lek initiation, lek participation,
males calling, male-male interaction, female acceptance index, and mating success. For all these
parameters, the M+P+ males significantly outperformed the other males. Moreover, for all para-
meters, there was a similar trend with M+P+ > M~P+ > M=P- > M+P—. More M+P+ males called
and initiated and participated in lek activities than all other types of male, which resulted in higher
mating success. They had also fewer unsuccessful copulation attempts than their counterparts.
Whereas treatment with methoprene alone had a negative effect in young males with only access to
sugar, access to dietary protein alone significantly improved young male sexual performance; more-
over, the provision of methoprene together with protein had a synergistic effect, improving further
male performance at leks. The results are of great relevance for enhancing the application of the sterile
insect technique {SIT) against this pest species. The fact that access to dietary protein and treatment
of sterile males with methoprene improves mating success means that SIT cost-effectiveness is
increased, as more released males survive to sexual maturity.

resulting in a distorted male mating pattern (Héglund

Introduction

In non-resource-based mating systems, males provide
females with no resource otber than their gametes
(Bradbury & Davies, 1987). Females visit aggregations
of courting males or leks solely for the purpose of
insemination but show a skewed mating preference,
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& Alatalo, 1995; Shelly & Whittier, 1997) which has
been described as the lek paradox (Borgia, 1979).
Certain features such as male size, length of sexual dis-
plays, courtship intensity, and position within leks pro-
vide males with some advantages (Thornhill & Alcock,
1983; Shelly & Whittier, 1997). A meta-analysis by
Fiske et al. (1998) across a wide variety of taxa has
also concluded that male display activities, aggression
rate, and lek attendance were positively correlated with
male mating success.

© 2010 The Authors Entomnologia Experimentalis et Applicata 136: 21-30, 2010

journal compilation € 2010 The Netherlands Entomological Society

21



[ J0) pasn seam (HO0T “[8 12 STUUIIIA) TTeMBH ‘SHV-V (TSN
Aq padopaasp Ap uopw ay) jo urens Burxas snownd oy,
Supea: pue ujens

Spoljaul pue sjeusjely

201042 dfewd) Ut Airfenb ajews o ajol oy
PUE D3] UIYILM 331042 djetu Jo $s3001d 31 1O UONBULIOUI
sapraoid os[e Aprus sty ‘ssadons Supewn Joy; asuay pue
motaeyaq Sp[ 41 Sunordurr Aq seewr paieal-ssewr jo
adurtIojIad 21 9401dTUT 01 Pasn 3q wed 191p INPE 31} 0
pappe () wimord 10,/pue ‘H{ Jo o1 e (JA]) ausidoyau
JIAYM $59858 0] PIUSISOP sem ApIus SW 9vigImInd
" I S$3U2ATINSAUIOD [eNXas PROURYUS PUe AJLmjew [enxas
paresafaooe voneordde suasdoiaw Jeq) pariodal (0107)
[e 32 beyy “dprus snowaid v uj (9861 ‘Bwifepy ¥ ryseyem]
G861 ‘WRAOY R BQNY) SA[BUI UIBLAD 3SOOYD U2y} pue
uon2[2s 11x2 52| Junisia so[ewrs) ay 1, Sunew 1o sapeua)
PEIPE 01 sau0woIayd Jitua pue ‘smoreygaq digsimos Legd
-SIp ‘Buraem Fuim 1o Sunydy eosdyd 4q ssrro1aa) payrews
Tl PUSJSP ‘STEALT [3IM SUODBIIIUT DNISTUOSE MOYS Sa[eu
ay] yorgm Juunp ysnp Area 1e Adoues aan Y uo sapew
jo uonedaidse ayy Futajoaur walsds Bunew paseq-anmosal
-UOU ¥ PIA[OA SBY J131q4nInD g 1B} UMOWY OS[e §1 1]
"(zo0T TR 32
stpupuay) sawwerdosd 115 Sumordw pue Suidopasp
J0 Jusuoduron juepiodun Ue are seTprys Iotaryaq Sunew
paIeRp snyl, (6007 “[8 W AJRYS) sppsiop g U0 1099
ou sey g (6007 “[& 12 BINSay) (UURTLAPAIM ) snnouavif
nydayspuy pue (Cpo7 ‘eo1ag) psuadsns 'y w Ajanmiew
[enXas 2JBI3[200F 0] UmOIn| st uoneondde auwardoyep
Apmew enxas 01 SUIAIAINS Safeu pasedpI jO Iaquinu
) USRI PUT SITDE] ISEIPI UT Sa[BUI POILII-SSBW
J0 1500 Juipjoy 213 SUNPal AQ ]S JO SSAURATIOII-1S00
Y3 OULYUD 0OS[e PUR S$300NS SULIRTU 3) 3DUBLLUI Aellr pol
-1od uoyeINIEW [ENXas A1) BUDNPIY "§5330N5 UOHRUTILASUI
pue Supew Apusnbasuod pue ‘sdepdstp digsunoo ‘mon
-edpnied ya| ‘uonenIul Y9] 10§ s[RI PLM M MNadiuod
01 2[GE 3q PNOYS SI[BLU PAIRII-SSRUIL 2Y1 T[S JO $5300M8 A3
10 “(gs61 Buydiuy) Sundsgo ou ssompord sapewr apas
paseafel pue safeusz) pim Jo Suniew et 19e) Ay WO paseq
ST LIS (0661 “Te 12 eueyouryey) uede| ur umoys se A
UOJSW JO ‘UONEBIIPRIA OS] SUONENIIS SUI0S UT pue ‘worssard
-dns 10§ anbIUyda) AJPUBLY-1USUMTOIIAUS PYSTIqRISa-[PM
pue JuadYI2 ue $t (007 “Te 10 3ue() yoreordde apm-vare
paresBoiul ue jo jusumodwod e ose {1g) onbumpay
035U 311918 3 ], "SUIAIUOD [BIUSUILOIAUS JUIOS UI S}0Sa1
(6861 “so[ssacyy) seoway> feuompen Aq sisad pnuyds
Jo [onuoyy ‘sqelsdda pue suny jo Sunaiew [euoy
-RUIAIUT Y} Yam Sa1aaajur A[snowas ‘smyels sunueienb
$11 JO 9snedaq ‘aouasad s)1 ASMEIAq ApDAITpUl pUR ‘sA|q
-3adea pue sy oy Suifeurep Aq Apoaxp sass0[ 219438

SSNED 1] "(7661 SILIBF-UOS[ 3 2ypn) S2[qeafaa pue
s1mnyj jo 3sad orurouooa yuepiodun ue st (sepnuyda], reind
1) (BI[InboD)) avgunon vusospy Af) UoRW Ay
(6661 “Te 12 oue]
-0j301§) (uaBaN) vuifas viuLIOYJ PUR (8661 “T2 12 [RADX)
vpdvy D Ul yuswdoppasp aanonpoidas Ul [0 [EINLD
e sdeid pue (6007 ‘9007 ‘2007 “Te 10 sejdeig-za1ag) (w8
-Box) 1ol viaoIvg pue (£007 “e 32 AYS) sypsop g
ur ssaxons Arorejndod adueyus 03 pauiodal st osje 1A1p
7 a1 u01d 01 $520Y *{000¢ ‘[eAn A X3 tdsey ) Yo 2y Ut a1e)
-ndod 01 Afay1] atow pue sauowosayd s o) A 210w
212M uTa101d FUIPNIUL JATP B 0] $§3338 UM SI[RIU LIS
PoIeal-sSewl 2I3Um ‘ppwpidor D) A NI UEUEIR)PIN
A} UI PaATISqO Sem asuodsar Je[runs v (8661 PO ¥ Asu
-0X(] *100Z ‘9661 ‘Aauoa(1) vpydosos(] UBIIEAMRH U $5350118
Arowejndos 1aury w Sunmsar Burppudis enxas pue aue
-Impus 1ays Supueyua Aq wonedonsed yay apew saoxduwn
03 pamodar uaaq sey wajord Sumpnpur ja1p € 03 820y
(€007 “tadie Xy preuiely
661 “OpjoY ) saunosar aBie| o1 Surpuodsaiiod sppuds
BuraRy SafRWI IIM MBUI 0} SOOYD $A[RUI] pUE S1afreudis
a3 jo Aypenb oY) ImM SAIRRLIOD AISAUOY, ST, “SI[RILIY)
10j speudis assuoy, aq 03 A1 are sauoworayd ofetw
e11 53598808 Yorym (007 “Ie 12 UOSSUBYO() 1509 dNadIaud
gs1y e sey ospe suowoayd jo uorpnpord ay] sadinosal
SNB[NIUNIIE O UL SS3 2ABY Sa[eww 33 s ‘paxinbai st uon
-LUNU JO 32IN0S [EUOLIPPE U JRY} SUBAL YDIYA S0 d1[0q
-BIOWI B 2ABY ARl AJLIMIBW [BTIX3S JO UONEBIDIE I |
{6007 “[2 1 B34 wsuadsns -y Jo sojew
w Aupqe uonedmnaed I pue uonenmn YO $aseAIdUI
PUR (8007 “Te 12 NOY ) SR [ (IMAL()) Bau1? maoqdny;\;}
YIBOD{I0Y INSGO] UT IMOIABYRQ 2DUBUILIOP $3j0wold
uoneordde ouardoyIa|y "$1095UT UT SAINGLINE [RINOIARYQ
sejenpow osfe auardoyaw jo uonesrdde sy ‘wopanp
-01d suowolayd paoueyua 03 TOTIPPE UT ({007 Cinwig
-zawlon) R [ea L) seuowosdyd jo worpnpord paseanur jo
asnenaq $sa00ns Arojemdos adueyuD pue (7 Ve 10 [ea])
AjumieLn [enxas ajelajende Ued psuadsns -y 03 (ausrdoyia)
anBojeur auowioy apuaan{ e jo uonesyddy ssausandeine
Jewa) pue uononpoid sy Appowr Lewr sadULAIP
[BIUIUTTOIIAUD PUR {007 “[e 19 e[eluey) (H() suouwwioy
arean{ 4q parem8ar st ssuoworayd jo uononpoid ayy,
(F661 9IMA(] 3@ ATPYS) (19PUSH ) SYsi0p via204300g pUE
(6007 “Te 32 BII212 ) (M20T) wsuadsns vydansouy (000T
“Afays) (uuewapaip ) pivsdeo sypwlas) sk yons spruydal
Ul PIjensuowap wasq sey woalsAs unew ya oY) ul §s30
-ons Arorendon ur Sunpeadis suotuozayd jo 201 3y ] (6861
“fng @ psutarg) spays afuei-Juo| pue BoYs (poq asey
Aewt souowotayd nq ‘speuds aduri-asop se e fjqeqoid
s[eusdis opsnode oy, *(0ge1 ‘Adoyold) sauoiuey payiew
pudjep pue ‘S[eudls [ESIWIAYD pue Onsnooe ‘ensia iefd
-S1p ‘e[ ut 21e8a138e saads prryda) Auew jo soEy

TRV ZZ



experiments. The colony was maintained on wheat-based
diet modified from standard diet (Hooper, 1987) at the
FAO/IAEA Agriculture and Biotechnology Laboratory,
Seibersdorf, Austria. The flies were maintained under low
stress conditions (four larvae per gram of diet and ca. 100
flies in 20 x 20 x 20 cm cages). Following emergence, the
flies were sexed and maintained in the laboratory with
60 + 5% r.h. and a photoperiod of L14:D10 at 24 £ 1 °C,
synchronized with the natural photoperiod.

Treatments
Emerged adult males were exposed to one of the following
four treatments: '
1. Topical application of JH-analogue methoprene, and
sugar and hydrolyzed yeast {protein source) (ICN Bio-
medical) as adult food (M+P+).
2. No methoprene application but sugar and hydro-
lyzed yeast (protein source) as adult food (M-P+).
3. Topical application of methoprene and only sugar as
adult food (M +P-).
4. No methoprene application and only sugar as adult
food (M-P-).

The methoprene was applied 3—4 h after adult emergence
ata rate of 5 pg pl™" acetone solution per male by immo-
bilizing males in a net bag (standard marking technique)
and then applying the solution via pipette through the net
onto the dorsal surface of the thorax; cold anaesthesia was
not used to immobilize the flies. Males from each treat-
ment were maintained in separate 30 X 20-cm-diameter
cylindrical screen cages with a maximum male density of
200 flies per cage and with the type of food assigned to each
treatment. In treatments without protein feeding (P-),
only water and sugar ad libitum were supplied to the flies.
In the treatments with protein (P+), hydrolyzed yeast was
added to the sugar in a proportion of 3:1 sugarthydrolyzed
yeast, and the flies were supplied with water ad libitum.
This diet is considered a high quality diet for Anastrepha
species (Pereira et al.. 2009). Females used in all experi-
ments were maintained in 30 x 20-cm-diameter cylindri-
cal screen cages without exposure to males. They were
provided with a diet of 3:1 sugar:hydrolyzed yeast, and ad
libitum water,

Lek behaviour studies in field cages

A previous study using the same laboratory melon fly
strain, Hagq et al. (2010) showed that peak mating age for
M~P~ was ca. 14 days, which was thus used as a control
age for this study. In addition, Hagq et al. (2010} concluded
that methoprene induced maturity in protein-fed males at
5-7 days of age. Therefore, for this study, the behaviour of
6-day-old M+P+, M~P+, and M+P— males and 14-day-
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old M—P~ males was assessed when competing at aggrega-
tions or leks for females in field cages. Lek behaviour was
studied on a potted Citrus sinensis (Osbeck) (Rutaceae)
tree {1.7-m tall, with a canopy of approximately 1.5 m in
diameter), a non-host for this species, in screened field
cages in the greenhouse under natural light. Eight replica-
tions were run, one per day by the same observer, and new
flies of the specified age were used in each replicate.
Although a plant is required to study lek behaviour in field
cages, it does not have to be a host plant (Kuba et al,
1984), because it is well known that melon fly mating
occurs on diverse trees at the edge of melon fields (lwa-
hashi & Majima, 1986). A temperature of 25 + 2 °C and
rh. of 65 + 5% were maintained throughout the experi-
ment. Light intensity (lux) was recorded every 30 min.
Males from each treatment were marked on the thorax by
different colours of water-based paint, | day before the
test. The allocation of colour marking was rotated to avoid
any colour preference by females.

Twenty males from each treatment were released in one
field cage 90 min before sunset. For the first 45 min, male
behaviour was studied in the absence of females and then
20 sexually mature virgin females {14-16 days old) were
released and male behaviour in leks was observed until the
males terminated their sexual activity at complete dark-
ness. The following parameters were measured:

1. Lek initiation: The first male started to emit phero-
mone {wing vibration and anus beating) (Kuba &
Sokei, 1988) in a certain area of plant canopy, resulting
in initiation of aggregations.

2. Lek participation: Number of males that joined the
first male to create an aggregation, calling or not. Males
that landed within 15 ecm of other calling males were
considered to be lek participants (fwahashi & Majima,
1986).

3. Males calling: Number of males calling (emitting
pheromones) in a lek.

4. Male-male interaction: Number of male-male inter-
actions in a lek. Male-male interaction occurred with
two males on the same leaf, when an intruder arrived
and tried to displace the fly already present. The antago-
nistic encounters involved wing waving, which lasted
for several seconds, and physical fighting, and resulted
in the loser leaving the leafl while the winners stayed on.
5. Male—male mounting: Number of male-male
mounting attempts (‘escalated fighting behaviour’
according to Iwahashi & Majima, 1986).

6. Mating success: Number of males that achieved cop-
ulation.

7. Female acceptance index: Number of successful mat-
ings divided by the number of males attempting to mate.
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Table 1 Percentages of resident 6-day-old Bactrocera cucurbitae males in leks treated with methoprene and/or protein (hydrolyzed yeast)
that won contests against intruders when also competing with untreated 14-day-old mature males

Insrude: Total resident
Resident M+P+ M=P+ M+P- M—-P- wins
M+P+ 72.22(18) 82.35(34) 87.50 (16) 100 (22) 85.55(%90) a
M-P+ 75(12) 80{15) §8.88 (9) 83.33 (6) 80.95(42) a
M+P- 100 (1) 40 (5) 50 (4) 25 {4} 4285(14) b
M-P-— 83.33(6) 62.5(8) 80(3) 71.40 (7} 73.0726)a

Totals with the same letter are not significantly different (Tukey’s test: P>0.05).

Number of interactions is in parentheses.

Males were treated with methoprene and protein (M+P+), no methoprene and protein (M-P+), methoprene and only sugar (M+P-). or

no methoprene and only sugar {M-P-)

304

251

i

20

% male-male mounting
&
o
—t—

b
o
L

M+P+ M-P+ M4+P— M-P-
Treatment

Figure 2 Mean (+ SE) percentage of 6-day-old male Bactrocera
cucurbitae treated with methoprene and/or protein (hydrolyzed
yeast) and untreated 14-day-old mature males involved in male-
male mounting attempts. Males were treated with methoprene
and protein (M+P+), no methoprene and protein (M—P+),
methoprene and only sugar (M+P-), or no methoprene and only
sugar (M~P-}. Bars with the same letter are not significantly dif-
terent {Tukey's test: P>0.05),

age, in all treatments, males succeeded in mating after
2.6 + 0.4 male—female interactions. M+P+ males were
able to mate after 1.43 + 0.26 interactions, whereas
M-P+ and M-P- males succeeded to mate only after
262 %043 and 3.06 £ 0.63 interactions, respectively.
ANOVA showed that M+P+ males had a significantly
higher (F, 5, = 56.55, P<0.001) female acceptance index
as compared with M=P+ and M+P~ males (Figure 4).

Discussion

The results obtained in this study showed the strong effect
of nutritional status on male lekking behaviour. Males fed
on hydrolyzed yeast engaged vigorously in sexual calling,
tar more than hydrolyzed yeast-deprived males, and they
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Figure 3 Mating success by 6-day-old male Bactrocera cucurbitae
treated with methoprene and/or protein (hydrolyzed yeast) com-
peting with untreated 14-day-old mature males for 14- to 16-day-
old virgin fermales. Males were treated with methoprene and pro-
tein (M+P+), no methoprene and protein (M—P+), methoprene
and only sugar (M+P=}, or no methoprene and only sugar
(M—P-).

started pheromone calling earlier. This behavioural
response to a diet containing protein is similar to that in
the Mediterranean fruit fly (Kaspi et al., 2000) and other
tephritid fruit flies (Drew & Yuval, 2000). A balanced
sugar-hydrolyzed yeast diet also improved the ability of
males to initiate and participate in leks.

The disparity in ability to participate in a lek by differ-
ently fed males showed that participation has a high
resource cost. Consequently, M—P+ males were much
more likely to participate in a lek than M+P- males.
Young M—~P+ males have a similar ability to participate as
hydrolyzed yeast-deprived, but sexually fully mature (14-
days old) M—P~ males. A similar impact of diet was
observed for males calling, as similar fractions of M—P+
and M—P— but higher than M+P— males, engaged in
pheromone calling within a lek. This provides strong evi-
dence that lek participation and calling is dependent on
energy reserves as M-P— males, although protein-
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et al. (1991) who reported that mating success is influ-
enced by males’ fighting ability in A. ludens.

In addition to fighting for certain territories, some
males attempted to mount other males. [t is reported that
male—male mounting in other fruit flies is due to little or
no ability of males to discriminate among sexes prior to
contact (Morgante et al., 1983). But according to Iwahashi
& Majima (1986}, melon fly males can discriminate the
sexes prior to physical contact; they interpreted mounting
attempts as escalated fighting behaviour and reported that
a large fraction of the observed wild males attempted to
mount other males. Mass rearing can alter mating behav-
iour (Suzuki & Koyama, 1980) and may have stimulated
the males to mount other males due to olfactory confu-
sions in the mass-rearing environment (Gaskin et al.,
2002). In another study, mass-reared B. fryoni males
exhibited less discrimination between mating partners and
showed more mounting attempts than wild males (Wel-
don, 2005). Nevertheless, all treatments of our experiment
used laboratory-reared males, but only M+P+ males
showed more mounting attempts than the other types of
male. Thus it is difficult to conclude that enhanced male
mounting attempts are due only to methoprene treatment
or access to protein. Therefore, our results support the
interpretation of Iwahashi & Majima (1986). However, a
study comparing the lek behaviour of laboratory-reared
with wild flies may explain enhanced male-male mount-
ing behaviour in M +P+ males.

Beyond the physiological mechanism of dietary pro-
tein and methoprene, their impact on mating behav-
iour has enabled a better understanding to be gained
of the lek system and sexual selection for the melon
fly within such aggregations. It is difficult to determine
which factor alone is responsible for the higher mating
success of M+P+ males at leks. Nevertheless, their
significantly higher female acceptance index and fewer
unsuccessful mating attempts show the female prefer-
ence for quality of males, which seems to be an
important reason for the skewed mating success. Dif-
ferences in lek performance and reproductive success
by differently treated males showed that certain treat-
ments make the males more attractive in a lek (Le,
hotshots). M+P+ males indicated to visiting females
their attractiveness by emitting more attractive signals,
by remaining in the lek, and by dominating their rivals
there. These successful behaviours are attributed to the
elevated level of hormone and the nutritional status, of
which nutrition appears to be the more critical. M+P-
males may have a higher level of hormone but lack
nutritional reserves to perform well in a lek. M+P-
males tried to participate in leks and presented them-
selves to receptive females visiting leks, but were

Methoprene and diet effect on mating male melon flies 27

unable to secure copulations. Clearly, such males did
not have the adequate pheromone profile or were not
energetic enough to succeed within a lek, but adopted
the strategy of joining the more successful males and
trying to intercept visiting females (Beehler & Foster,
1988). Obviously, these results support the ‘hotshot lek
strategy’ (Bradbury et al., 1986), however, with the
present data, it is difficult to rule out the hotspot
strategy (Bradbury & Gibson, 1983): lek sites may
function as a hotspot and M+P+ males may be more
competent in locating and defending the hotspots,
resulting in higher mating success. Previous studies
reported that melon fly males compete with other
males for occupying their calling sites within leks and
females visiting these leks exert a choice for mating
(lwahashi & Majima, 1986). Similarly, the present
results showed that sexual success in this species is
governed by a combination of intra-sexual male
competition and female choice for a certain quality of
males. The higher female acceptance index for M+P+
males supports a female choice for quality males. Such
a selection for quality males may be due to the pack-
age of advantages offered to the female, such as direct
fecundity benefits or indirect, genetic benefits via the
production of superior offspring (see Droney, 1996).

In fruit flies with a long adult maturation period, such
as melon fly, there is considerable sterile male mortality
in the field in the period between the release of the ster-
ile males (ca. 3~4 days old) and their age of peak sexual
maturation (ca. 14-days old). This represents a major
economic loss for programmes that incorporate SIT as
part of integrated fruit fly management. We have shown
that treating males with methoprene before release at the
sterile fly emergence and release facilities, and giving
them access to hydrolyzed yeast, can effectively accelerate
their sexual maturation by several days. Holding sterile
males in the emergence and release facilities until they
are sexually mature at the time of release is not cost-
effective (Koyama et al., 2004). However, in view of the
possibility to significantly shorten the maturation period,
such an option is now more viable, and even when the
release age is not changed, significantly more sterile
males are likely to survive in the field to reach sexual
maturity. [n addition, a significant increase in the ability
of sterile males to participate and perform in leks, result-
ing in higher mating success because of methoprene
exposure and access to hydrolyzed yeast, further sup-
ports their application to mass-reared males. Larger-scale
studies on the ecffect and cost-effectiveness of exposing
sterile males to methoprene and hydrolyzed yeast need
to be done to support their incorporation into opera-
tional SIT programmes.
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